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Abstract
Carbonic anhydrase (CA) catalyzes the reversible 
hydration of C02. Plant carbonic anhydrases are structurally 
distinct from those found in animals. In C3 plants, the 
enzyme is located in chloroplasts.
To date, little structural information on the enzyme from 
plants has been available. In this study the full-length cDNA 
for the spinach chloroplast CA was sequenced. The cDNA 
contained 1,156 base pairs. The open reading frame encoded 
a protein of 34,569 daltons. Comparison of the N-terminal 
sequence of this protein with that of other chloroplast 
precursors indicated that CA is synthesized as a precursor. 
The transit peptide likely contains about 60 amino acids.
Indirect immunoprecipitation of translation products 
synthesized using pea poly A RNA indicated that the pea 
precursor is approximately 36,000 daltons. Incubation of 
either the pea or spinach precursor with isolated intact 
chloroplasts resulted in import of the precursor and cleavage 
to a polypeptide of about 30,000 daltons. Various spinach CAs 
containing deletions ranging from 34 to 78 amino acids were 
expressed in IL. coli. under the control of the trc promotor. 
Each of the CAs assembled to yield the enzymatically active
vii
hexameric enzyme.
Immunological techniques performed on E_s_ coli expressed 
spinach CA as well as total plant extracts demonstrated the 
susceptibility of CA towards proteolysis at the N-terminal 
end. Furthermore, a cross-reacting protein, which is distinct 
from the well characterized periplasmic CA, was demonstrated 
to be present in extracts of Chlamvdomonas reinhardti.
Western blotting of CA extracts from leaves, chloroplasts 
or coli expressing CA indicated that CA is susceptible to 
proteolysis. N-terminal sequencing data obtained by others 
suggests that the degradation is from the N-terminus. Also, 
extracts from pea stems and leaves contained a polypeptide 
which cross-reacted with antibodies raised against spinach CA. 
Root extracts contained no cross-reacting polypeptides. These 
results suggest that, like other chloroplast proteins, 
expression of CA is regulated in a tissue specific manner.
viii
Literature Review
2Carbonic anhydrase (CA), (carbonate dehydratase, EC 
4.2.1.1.) catalyzes the reversible hydration of C02. The 
presence of CA has been demonstrated in animals, plants and 
bacteria. In angiosperm plants, CA is present in all green 
tissue. Parsley CA makes up approximately 1% of the leaf 
protein (1).
To date, most studies "involving plant CA have been 
conducted to either determine compartmentalization, enzymology 
or function. Despite the abundance of CA in plants no 
physiological role has been assigned to it. The possible roles 
are summarized as follows. 1) The reaction catalyzed by CA may 
drive some chemical process by creating a charge separation 
from the conversion of non-ionic reactants into charged 
products. 2) CA is important in creating a diffusion gradient 
for C02 in the chloroplast stroma, making C02 available as a 
substrate for ribulose-1,5-bisphosphate carboxylase/oxygenase 
(Rubisco). 3) CA may be important in plants as a "proton
sink", helping maintain control of the pH in the cytosol and 
chloroplast stroma when changing light intensities prevail 
during field conditions. Unfortunately little experimental 
evidence exists to support any of these possible roles. 
Neither the primary structure nor the residues at the active 
site are known for any plant CA.
Each of these topics will be discussed in greater detail 
in the following sections. Since CA likely is synthesized in 
the cytoplasm, a brief discussion on the transport of proteins 
into chloroplasts also follows.
DIVERSITY AMONG SPECIES
Animal CA
The presence of CA in animals has been known since the 
discovery of CA activity in erythrocytes 50 years ago. This 
isozyme is referred to as CA-I. Subsequently two other isozyme 
has been characterized, CA-II and CA-III, from erythrocytes 
and red skeletal muscle, respectively (2). These three 
isozymes are remarkably similar. Each consists of a single 
polypeptide chain containing 259-260 amino acids with a 
molecular weight of 29,000. Each isozyme is blocked at the 
N-terminus and contains one zinc atom. Interestingly, the 
activity of each of these isozymes differs, yet the crystal 
structures of CA-I and CA-II are very similar (3). CA-I, CA- 
II and CA-III contain an esterase activity in addition to the 
C02 hydration activity, but the significance of this is 
unknown (4). Recently three additional isozymes of animal CA 
have been described. CA-IV was partially purified using 3% - 
5% SDS and shown to be a membrane bound form with a molecular
4weight of 52,000 (isolated from bovine lung) and 68,000 
(isolated from human kidney). Each of these CA-IV isozymes 
is approximately 20% glycosylated (5) . Another soluble 
isozyme, CA-V, has been isolated from rat liver mitochondria 
and has a molecular weight of 29,000 (5). Finally, CA-VI is 
a secreted form. The precursor of CA-VI has a signal peptide 
which is not present in the mature CA-VI. Mature CA-VI has 
a molecular weight of 45,000 and is glycosylated. It appears 
that CA-VI and CA-II are dissimilar since antibodies raised 
against CA-VI fail to cross-react with CA-II. On the other 
hand, CA-IV and CA-VI are similar in amino acid composition 
and activity although the extent of structural similarity is 
unknown. It is thought that a stretch of hydrophobic amino 
acids which serves to anchor CA-IV in a membrane is not 
present in CA-VI (5).
Algal CA
When algae and cyanobacteria are grown in a C02 rich 
atmosphere (3% - 4%) and switched to low C02 (0.03% - 0.04%) 
the efficiency of inorganic carbon utilization increases. 
No change in the amounts of photosynthetic enzymes has been 
confirmed but there is a marked increase in CA activity (6). 
Chlamvdomonas reinhardtii adapts to low C02 concentrations 
by synthesizing four new major proteins. One of these new
5proteins is a periplasraic CA. At least two of the three other 
proteins are thought to be involved as part of an inorganic 
carbon accumulation mechanism (7) . Chlamvdomonas reinhardtii 
has by far the best characterized CA of the algae. CA isolated 
from the periplasmic space has a molecular weight of 35,000- 
37,000 (8,9). Immunoprecipitation of in vitro translation
products from Chlamydomonas mRNA extracted from cells grown 
in low C02 yields a polypeptide with a molecular weight of 
38,000. In vivo pulse chase experiments indicate that the 
peptide is glycosylated, yielding a precursor protein with 
a molecular weight of 42,000. Within 5 minutes the 42,000 
dalton precursor is modified to yield a 35,000 dalton 
polypeptide. At this stage a small peptide may be removed from 
the 42,000 dalton precursor. Evidence for this is a change in 
the isoelectric point of the precursor (42,000 dalton) protein 
from pl=7.2 to pl=6.1 for the 35,000 dalton protein. Finally, 
the latter protein is secreted to the outside of the cell (9) 
and assembled into a hexamer containing 1 zinc atom/monomer. 
The molecular weight of the active hexamer is 165,000 daltons 
(10) .
Higher Plant CA
The observation that higher plants contain CA has been known 
for more than 50 years. Yet much less information is available
6about the plant enzyme than about the animal or the algal
enzymes. In general the plant enzyme falls into two
categories, a high and a low molecular weight species.
Monocotyledonous CA represents the low molecular weight 
species. CA isolated from these plants has a molecular weight 
around 45,000. and is presumed to contain two identical 
subunits, each with a molecular weight of approximately 
27,500. Dicotyledonous CAs are characterized by their high 
molecular weights, generally around 180,000 to 200,000. Six 
identical subunits, from 26,000 to 34,000 daltons depending 
on the plant type, and, perhaps, the extent of proteolysis, 
make up the holoenzyme. Each subunit contains one zinc atom 
(1) . Legumes contain notable CA activity in root nodules. 
The size of nodule CA is 45,000 daltons, and available
evidence suggests it is encoded in the plant genome (11). This 
is surprising since the leaf CAs of legumes are of the dicot 
type. No CA has been isolated from gymnosperms, but this may 
be a result of difficulties with efficient tissue extraction 
or enzyme inactivation by phenolics present in gymnosperm 
extracts.
With the exception of the spinach CA, isolation of plant 
CAs in an enzymatically active form requires the addition of 
reagents to protect SH-groups. Spinach CA reportedly contains
7no disulfide bonds (12). This observation may point to 
differences in interactions between subunits or within 
subunits for the spinach enzyme compared with other plant CAs.
To date no sequence information is available for any of 
the plant CAs except for a twenty amino acid fragment derived 
from cyanogen bromide cleavage of the spinach CA monomer (13). 
The sequence of the CNBr fragment matches an N-terminal 
sequence in 19 of 20 positions (C.R. Somerville, personal 
communication). The N-terminus of the 3 0,000 dalton spinach 
monomer has been shown to be acetylated (12). This suggests 
that the N-terminal sequence obtained from the CA preparation 
sequenced by Somerville has been proteolyzed at the N- 
terminus. Amino acid compositions of CA from several plant 
species are known (14). In general, the plant enzymes contain 
more tryptophan residues as well as more sulfur containing 
amino acids than the animal enzymes. The latter may account 
for the need to use reducing agents in tissue extraction 
buffers.
CATALYTIC ACTIVITY
Since crystal structures have been resolved for two of 
the animal CA isozymes there is a significant amount of 
information about the active site. CA-I and CA-II have
8similar crystal structures, and CA-I, CA-II and CA-III all 
share strong sequence homology. Thus, the structure of CA- 
III is likely similar to that of CA-I and CA-II. Of the 30 
residues near the active site 16 are invariant among all 3 
isozymes. The zinc atom located at the active site is bound 
by three histidine residues at positions 94, 96 and 119 (2). 
Other residues hydrogen bonded around the active site which 
are invariant include Ser-29, Glu-92, Glu-106, His-107, Glu- 
107, Tyr-194, Thr-199, Trp-209 and Asn-224 (2). More sequence 
homology is evident if residues at the active site are grouped 
into exposed polar or exposed non-polar domains. It has been 
postulated that the difference in activity between CA-I and 
CA-II results from differences in polar residues at positions 
64 and 200 (2). All CA-I type enzymes contain histidines at 
these positions and have lower activity than CA-II which 
contains a histidine at position 64 and a threonine at 
position 200. CA-III contains a lysine or an arginine at 
position 64 and a threonine at residue 200 (2) . The catalytic 
mechanism of animal CA involves coordinating a water molecule 
with the zinc atom. Doing such decreases the pKa of the water 
molecule, which causes a nucleophilic attack of the C02 by 
OH', resulting in the generation of H+ and HC03' (15).
Inhibitors of Catalytic Activity
9Because no data exist about the active site in plants, 
it is useful to gain insights about similarities or 
differences of the active site of plant and animal CA by 
comparing their responses to inhibitors. Several inhibitors 
of CA have proven useful for probing the active site. The 
sulfonamide inhibitors acetazolamide, ethoxyzolamide and 
sulphanilamide bind at the active site of CAs and exhibit non­
competitive inhibition (16). Binding of this class of 
inhibitors appears to be at the zinc atom (16) . The animal 
CA-I, CA-II and CA-III are inhibited differentially by the 
sulfonamides. CA-I and CA-III are inhibited to a lesser extent 
than CA-II which has the highest catalytic activity. The CA- 
II enzyme has a K( of approximately 10'8 for the sulfonamide 
type inhibitors (1). CAs from higher plants are inhibited by 
several orders of magnitude less than their animal 
counterparts by this class of inhibitor. For example the 
monocotyledons barley and Tradescantia albifloria have I50s 
for acetazolamide of 2 x 10’6 M and 2.7 x 10'4 M, respectively, 
and the I50 for the spinach chloroplast CA is 2 x 10'5 M (1) . 
On the other hand the Chlamvdomonas reinhardtii external CA 
has a Kj for the sulfonamides similar to the animal CAs. Azide 
is a potent inhibitor of the plant CAs, but not of the animal 
enzymes (1).
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The picture which arises from inhibition studies is that 
the entry to the active site in higher plant and animal 
enzymes differs. The inhibitory effect of the sulfonamides 
and azides shows an inverse relationship with respect to their 
K,s. That is, plant CAs show lower levels of inhibition with 
sulfonamides than animal CAs do, while azides inhibit plant 
CAs more than the animal CA. It also appears as if the entry 
site for the algal CAs is more like the animal CAs, since 
algal and animal CAs respond to inhibitors in a similar way.
COMPARTMENTILI2ATION AND FUNCTION OF PLANT CARBONIC ANHYDRASE
C3 Plants
Higher plants using the C3 pathway of C02 fixation 
contain two CA isozymes. Pea leaf isozymes have identical pH 
optima (pH=7, for the hydration reaction; and pH=7.5, for the 
dehydration reaction) and the same for C02, but different 
isoelectric points (17). Gel electrophoresis and sucrose 
gradient centrifugation demonstrated that etiolated tissue 
contains only one isozyme, but green tissue contains two (18). 
Presumably the isozyme which is absent in etiolated tissue is 
the chloroplastic form of CA.
The majority of CA activity in higher plants resides in 
the chloroplast. It is difficult to ascertain the exact
11
percentage of CA activity in chloroplasts compared to that in 
the cytoplasm but values of 63% (19) and 85% (20) have been 
determined using spinach leaves, after correction for CA 
leakage from broken chloroplasts. At this time no direct 
evidence exists which would point towards a role for CA in 
the chloroplasts of higher plants. The physiology of C3 plants 
however indicates that chloroplast CA may be needed to reduce 
the amount of photorespiration. CA may play a role in 
reducing the effects of high 02 concentrations by increasing 
the C02 concentration near Rubisco. This may be carried out by 
facilitating diffusion of C02 through the chloroplast stroma 
to the site of carbon fixation. Possible roles for CA which 
can be generalized for C3 and C4 plants will be discussed in 
more detail in a section entitled Physiological Functions of 
CA.
C^  Plants
In general, plants utilizing the C4 pathway contain less 
CA than C3 plants (1). Pea and Zea mavs contain 4625 and 350 
units of CA activity per mg of chlorophyll, respectively (21) . 
Results of studies using maize leaves indicated that plants 
which utilize the C4 pathway contain only a cytoplasmic CA 
(21). More recently, CA activity was assayed in preparations 
of mesophyll cells or bundle sheath cells from maize. Results
12
indicate that greater than 85% to 90% of the CA activity in 
C4 plants is located in mesophyll cells. The bulk of this 
activity is in the cytoplasm (22).
Perhaps since C02 is being "actively transported" to the 
site of COz fixation as malate or aspartate the need for CA in 
the bundle sheath cells' has been reduced in C4 plants. CA in 
the mesophyll cells is most likely required to control the 
concentration of HC03‘. Phosphoenol pyruvate (PEP)
carboxylase, the enzyme which catalyzes the conversion of 
phosphoenolpyruvate to oxaloacetate, requires HC03* as a 
substrate. Under these conditions it might be advantageous if 
CA were present in mesophyll cells to convert C02 to HC03'.
CAM Plants
CA from plants utilizing CAM metabolism has been studied 
to a limited extent. Plants in the CAM mode fix C02 into 
organic acids at night when the stomates are open. During the 
day, when stomates are closed, the organic acids are 
decarboxylated and the resulting C02 is fixed via the Calvin 
cycle. Two types of CAM plants exist, one which decarboxylates 
malate directly using the malic enzyme and the other which 
decarboxylates oxaloacetate through the action of PEP- 
carboxykinase (23). Each of these enzymes is localized in the 
cytoplasm. The initial carboxylation which yields organic acid
13
is catalyzed by PEP carboxylase in both types of plants. 
Species which decarboxylate via the PEP carboxykinase enzyme 
contain CA activity in the extrachloroplastic fraction (24). 
Since the substrate for PEP carboxylase is HC03*, it is not 
surprising to find CA in the cytoplasm of the PEP 
carboxykinase type CAM plants. In this case the function of 
CA is most likely to facilitate the diffusion of HC03‘ to the 
site of carboxylation by PEP carboxylase, similar to the 
proposed function for CA in C4 plants.
Plants which decarboxylate malate directly through the 
malic enzyme contain CA activity which is localized in the 
chloroplast (24) . Why the enzyme is not found in the cytoplasm 
of plants using the malic enzyme is not known. It is possible 
that the localization of CA in the chloroplast fraction of 
plants using the malic enzyme for decarboxylation reflects 
that its primary function in these plants is to facilitate the 
C3 photosynthetic pathway when plants are not stressed. 
However this logic would also lead one to speculate that CA 
localized in the chloroplast also would be found in PEP 
carboxykinase type CAM plants. More careful extractions from 
tissues of both the malic and the PEP carboxykinase types of 
CAM plants, as well as studies of more species of CAM plants 
is required to verify the results reported in (24).
14
PHYSIOLOGICAL FUNCTIONS OF CA
Early attempts to discern a role for CA in photosynthesis 
involved monitoring the rate of C02 fixation in zinc-deficient 
spinach. When compared to controls, plants grown without 
zinc contained l%-13% of the CA activity of control plants, 
yet the level of photosynthesis remained approximately 85% 
that of the control plants (2 5). Cotton plants grown under 
conditions of severe zinc deficiency contained no measurable 
CA activity and had rates of photosynthesis which were 31% 
those of control plants (26). Since plants contain other 
enzymes that require zinc, it is not clear whether any 
correlation between CA activity and photosynthesis would be 
meaningful in these types of studies.
Other approaches to probe the function of CA, such as 
the use of inhibitors, have been equally equivocal. The 
sulfonamides inhibit photosynthesis and are not strong 
inhibitors of the C3-type CA (1). Regardless of the inability 
of researchers to prove a function for CA, several roles for 
the enzyme have been postulated. These are discussed below. 
Bicarbonate and CO; Movement Across Membranes 
Higher plants apparently have no mechanism for the active 
uptake of atmospheric C02 (27) . C02 or HC03‘ must diffuse
15
through several parts of the cell before reaching the site of 
photosynthesis. Inorganic carbon must first enter the plant 
cell via the stomata as C02 by diffusion through the unstirred 
layer near the leaf surface. Next, gaseous C02 must traverse 
the intercellular air space. At this point transport through 
mesophyll cell water must occur. The next obstacle is the 
mesophyll membrane, followed by the cytoplasm. Transport into 
the chloroplast requires that inorganic carbon must diffuse 
through the chloroplast envelope, then the chloroplast stroma, 
to reach the site of C02 fixation.
It has been suggested that CA has a role as a "permease" 
which facilitates the diffusion of inorganic carbon into 
plant cells by interconversion of C02 and HC03' (1) . In this 
model CA on one or both sides of a membrane could enhance the 
rate of diffusion of inorganic carbon across a membrane. No 
evidence exists for a membrane-bound CA in higher plants. 
Furthermore C02, but not HC03', is soluble in a lipid membrane 
(14) . Thus CA could facilitate the transport by converting 
HC03’ near a membrane to C02. The C02 formed could then 
traverse the membrane, diffuse through the cell (or 
organelle) , or be converted back to HC03', depending on which 
species of inorganic carbon is needed at the time. Results 
of studies using isolated chloroplasts indicate that HC03' is
16
not transported across membranes of higher plants and that the 
uptake of HC03' is mediated through the transport of C02 across 
the chloroplast envelope (20). Although this data may 
indicate a role for CA in the diffusion of C02 in plants (or 
chloroplasts) this may not be the case. It has been calculated 
that the rate of entry of C02 into chloroplasts by 
nonfacilitated diffusion could exceed 5000 umoles C02 mg’1 Chi’ 
1 hr’1 (28). Assuming a maximum photosynthetic rate of 200 - 
300 umoles C02 fixed mg'1 Chi’1 hr'1, the rate of 
nonfacilitated transport of C02 exceeds what is required for 
photosynthesis (28). This would indicate that adequate 
transport of inorganic carbon into and within leaves occurs 
by diffusion, and that facilitation of transport is 
unnecessary.
The Role of CA in Photosynthesis
Early studies of spinach Rubisco indicated that the 
maximum velocity of the enzyme was 150 umoles C02 mg'1 Chi'1 
hr’1 (29) . At that time it was calculated that the 
concentration of C02 in the chloroplast required for half 
maximum velocity was 6%, yet the measured concentration was 
500 times lower (30). This difference led to the idea that CA 
was associated with the enzyme Rubisco. It was thought that 
association of CA with Rubisco would be an effective way to
17
lower the of Rubisco for C02 thus making the enzyme more 
efficient (21). However, using gel electrophoresis techniques 
Graham et al.(31) found no association of CA activity with 
Rubisco (31). Furthermore, improvements in understanding the 
activation of Rubisco by the ordered addition of C02 and Mg2+ 
in vitro and by Rubisco activase (32) has led to decreasing 
the K,,, values for C02 to 0.12% and increasing the to 1000 
umoles C02 mg’1 Chi'1 hr'1 (30) , making physiological 
concentrations of C02 sufficient for the carboxylation 
reaction.
Physiological Buffer
The major function of the mammalian CAs is to provide 
physioloical buffering. It is possible that CA in the 
chloroplast stroma acts as a pH buffer (19,28) which would 
control fluctuations in pH of the stroma. In the event of 
extreme alkalinity which would occur during illumination, 
interconversion of C02 to HC03‘ would provide protons quickly. 
Similarly, the reverse reaction could decrease the proton 
concentration rapidly.
Although the role of CA in plants has been difficult to 
ascertain, the concentration of CA in photosynthetic tissue, 
which is about 1% of soluble leaf protein (1), suggests some 
important function. The synthesis of CA represents a
18
significant expenditure of energy and nitrogen. It seems that 
investments as large as those required to synthesize the 
amount of CA found in plants indicates an important and as yet 
undetermined role for CA in higher plants.
TRANSPORT OF PROTEINS INTO THE CHLOROPLAST STROMA
Although chloroplasts contain their own DNA which encodes 
some chloroplast proteins, over 85% of chloroplast proteins 
are encoded in the nuclear genome and synthesized in the 
cytosol on free ribosomes (33,34). Because of its abundance 
the small subunit of rubisco (S) is the most studied soluble 
stromal protein transported into chloroplasts. S is 
synthesized as a larger molecular weight precursor protein 
(pS) which contains an additional N-terminal extension called 
a transit peptide. Binding of pS to the chloroplast, as well 
as transport into the organelle, requires energy in the form 
of ATP. During or shortly after entry into the organelle, the 
transit sequence is removed by a processing enzyme. Assembly 
of the holoenzyme involves the association of eight S monomers 
with eight large subunits (L) and appears to be mediated by 
Rubisco binding protein. L monomers are encoded by the 
chloroplast genome. The LgSg complex is functionally active 
in higher plants and capable of fixing C02 (33,34) . Import of
19
many other precursors has been described, and to the extent 
to which information is available, appears to be similar to 
the import of pS. Import of CA has not been demonstrated, but 
would presumably be similar to import of other chloroplast 
proteins.
Cytoplasmic Factors Required for Import
Import of proteins into subcellular compartments such as 
the mitochondria and endoplasmic reticulum (ER) requires 
cytoplasmic proteins termed "chaperones". For example, the 
import of proteins into the ER is mediated by the signal 
recognition particle (SRP), a complex ribonucleoprotein (35). 
The interaction of the SRP with the signal peptide causes 
elongation to slow or stop until the SRP-ribosome-polypeptide 
complex associates with the "docking protein" on the ER 
membrane. After "docking" is complete, elongation of the 
polypeptide and translocation into the ER proceeds (36). The 
transport of precursor proteins smaller then 75 amino acids 
into the ER appears to be coupled to the hydrolysis of ATP and 
requires two factors, one which has yet to be identified (36) . 
The other factor is a heat shock protein (hsp) 70-like 
protein, which is a member of the hsp 70 family (36).
Heat shock proteins (hsp) are induced by stress such as 
heat shock. However, constitutively expressed cognates (hsc)
20
also have been Identified. These proteins are related to DNA 
K from JjU. coli. The dna £ gene product is the only hsp 70 
member in EL. coli (37), and is required for growth at high 
temperatures. Deletions of the dna K gene results in slow 
growth, and poor viability of the cells especially at high or 
low temperatures (38). The DNA K protein possesses an ATPase 
and autophosphorylation activity (38). Dna K has a protein 
binding activity and is essential for lambda phage DNA 
replication (39). DNA K in combination with Gro EL, appears 
to be required for efficient export of protein from EL. coli 
(40) .
Import of some, but not all, mitochondrial proteins is 
facilitated by one or more hsp 70-like proteins and some 
additional factors, along with the hydrolysis of ATP (36). In 
general, it appears that the hsp 70 family of proteins is 
responsible for maintaining precursor proteins in an import 
competent state. Chaperones have been proposed to bind to 
hydrophobic regions of proteins and keep them unfolded (41).
A cytoplasmic factor, hsc 70, is required for import of 
the precursor to the chlorophyll a/b-binding protein (pLHP) 
(42). Two components of a soluble leaf extract are necessary 
for post-translational import of purified pLHP. One mimics 
hsc 70 and the other is an ATP-requiring protein. pLHP
overexpressed in Ej_ coli was not imported into isolated pea 
chloroplasts after solubilization in 8M urea. However, the 
same pLHP solubilized in 8M urea and dialyzed in the presence 
of soluble leaf extract and ATP was import competent. 
Furthermore, pLHP solubilized with 8M urea followed by 
dialysis in the presence of soluble leaf extract was 
susceptible to proteolysis. pLHP dialyzed without soluble 
leaf extract was degraded to a much lesser extent. These 
results indicate that a factor in leaf extracts unfolds pLHP, 
maintaining it in an "import ready" state. It is not clear 
whether cytoplasmic factors are required for transport of all 
precursors. Recently the precursor to ferredoxin (pFd) was 
shown to be import competent in the absence of any additional 
factors (43). However, import was carried out using pFd which 
was diluted from 6M to 0.2M urea and immediately incubated 
with isolated intact chloroplasts. Thus it is possible that 
pFd was "import competent" because it had not yet refolded 
after dilution of the urea. Interestingly a 75,000 dalton hsp 
homologue is localized in the outer envelope membrane of 
chloroplasts (44). This hsp 70 homologue is not proteolyzed 
when intact chloroplasts are treated with thermolysin even 
though it is an integral membrane protein. Furthermore 
sonication of the envelope membranes in 1M NaCl fails to
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disrupt the protein from the membrane, indicating the protein 
is tightly associated with the outer membrane.
The Transit Peptide
The function of the transit peptide is to target the 
precursor protein to the chloroplast and to mediate the 
translocation of the precursor protein into the chloroplast. 
Analysis of transit peptides from 18 chloroplast precursors 
proteins with known cleavage sites and 8 with unknown cleavage 
sites indicates that they share few common sequence or 
structural features except that they contain few acidic amino 
acids, are rich in alanine and serine and contain an 
amphiphilic B-strand region near the cleavage site (45) .
Precursor Binding and Import into Chloroplasts
Import of proteins into chloroplasts first requires 
contact at the outer envelope of the chloroplast. Internal 
ATP is the only energy requirement for binding and transport 
of precursor protein across the chloroplast envelope (46,47). 
Binding of precursor proteins to the envelope may involve an 
intrinsic membrane protein receptor (34).
The evidence for a protein receptor is as follows. 
Treatment of intact chloroplasts with thermolysin prior to 
addition of precursor significantly decreases import (48). 
Anti-idiotypic antibodies raised against the transit peptide
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of S identified a 30,000 dalton membrane protein located at 
contact sites between the inner and outer membrane of the 
chloroplast envelope (49). It is not clear whether this 
protein is a bonafide receptor or is the phosphate 
translocator, which constitutes approximately 10% of the 
membrane protein (50). Cross-linking of radiochemically pure 
pS to the envelope using a photoactivatable cross-linking 
reagent, followed by SDS-polyacrylamide gel electrophoresis 
and fluorography, resulted in the identification of a putative
66.000 dalton receptor (51). Finally, phosphorylation of a
51.000 dalton envelope membrane protein (P51) occurs when pS 
is incubated with intact chloroplasts (52) . Treatment of 
intact chloroplasts with thermolysin prior to addition of pS 
results in lack of transport as well as the loss of the 
ability of P51 to be phosphorylated.
Proteolytic Processing of Precursor Proteins
It is not known if processing occurs during or after 
import. No free transit peptide has been isolated in the 
chloroplast stroma or membrane fraction of chloroplasts from 
higher plants. Thus it is thought that the transit peptide is 
degraded immediately after processing.
A stromal processing peptidase has been partially 
purified from peas (53,54). This peptidase is sensitive to
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chelators and has a molecular weight of about 180,000 daltons. 
The peptidase, partially purified by gel filtration, correctly 
processes several soluble precursor proteins, yet it is 
inactive against proteins which are not imported into 
chloroplasts in oraanello or in vivo. Furthermore, this enzyme 
is not species specific, since precursors from wheat and 
barley also are processed to their proper mature size.
ASSEMBLY OF OLIGOMERIC PROTEINS
"Chaperonins" are found in prokaryotes as well as in 
organelles of eukaryotic organisms. The prototypical 
prokaryotic chaperonin is the Gro EL protein. Its eukaryotic 
homologues are hsp 60 (mitochondria) and rubisco binding 
protein (RBP) (chloroplasts) (55). As a group, this class of 
proteins is heat shock (stress) inducible (56). Gro EL is 
encoded by the dicistronic gro E operon in Ej. coli. The other 
product of the Gro E operon is Gro ES. In eukaryotes, hsp 60 
and RBP are nuclear gene products. These proteins assist in 
post-translational assembly of oligomeric proteins (57) . 
Several proteins imported into chloroplasts form stable 
complexes with RBP (58). When pS is expressed in E_j_ coli as 
a C-Terminal fusion to protein A, Gro EL copurifies with the 
fusion but not with protein A alone (59).
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The existence of RBP was first demonstrated using non­
denaturing gel electrophoresis (60). Newly synthesized L 
subunits were not assembled into the holoenzyme but were 
associated non-covalently in a large molecular weight complex. 
Analysis by SDS-PAGE revealed that this complex consists 
mostly of large amounts of a 60,000 dalton polypeptide and a 
small amount of L subunits. The 60,000 polypeptides are known 
subunits of RBP. Antibodies raised against RBP inhibit the 
assembly of L subunits into Rubisco, indicating RBP plays a 
role in assembly of the holoenzyme (61). Like GroEL (57) and 
hsp 60 (62), RBP is an oligomeric protein which consists of 
14 subunits (63). The amino acid sequences of the subunits 
which comprise RBP, GroEL, and hsp 60 are similar. Ellis (55) 
has identified two different RBP subunits from pea 
chloroplasts. It is not clear whether these subunits assemble 
into the same or two distinct RBPs.
Overexpression of the gro £ operon facilitates the 
assembly of I^ Sg Rubisco in E_s_ coli transformed with a plasmid 
which encodes L and S subunits (64). However mutations in 
either gro EL or gro ES results in a loss of assembly, 
indicating that both GroEL and GroES are required for assembly 
of Rubisco in vivo. These studies were recently extended by 
Goloubinoff et al. (65). They showed that denatured Rubisco
26
from Rhodospirillum rubrum could assemble into the 
enzymatically active holoenzyme in the presence of GroEL, 
GroES and ATP. Assembly also occurred, but to a lesser extent, 
if hsp 60 or RBP replaced GroEL.
Using yeast containing a temperature sensitive mutant of 
hsp 60, Cheng et al. (62) showed that the imported subunits 
of various mitochondrial macromolecular complexes failed to 
assemble at the non-permissive temperatures. Transformation 
of the mutant yeast with a wild-type copy of hsp 60 restored 
assembly. All of these results point to a role for chaperonins 
in assembly of oligomeric proteins. However, it remains to be 
seen whether chaperonins actually catalyze assembly or simply 
prevent improper associations of unassembled polypeptides.
The chloroplast stroma contains two polypeptides which 
are antigenically related to cytoplasmic hsp 70 (44). These 
polypeptides may have roles in protein folding (or unfolding) 
similar to the role proposed for the cytoplasmic hsp 70s.
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Chapter 1
Spinach Carbonic Anhydrase Primary Structure 
Deduced from the Sequence of a cDNA Clone
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The zinc metalloenzyme carbonic anhydrase {CA; carbonate 
dehydratase, EC 4.2.1.1) catalyzes the reversible hydration 
of C02. In mammals at least five isozymes have been 
identified. The most abundant and best characterized isozyme, 
CA-II, is found in nearly all tissues, but the others appear 
to be expressed in a tissue specific fashion. Each of these 
isozymes is a monomer with a molecular weight of 
approximately 29,000. Sequence information is available for 
three of the mammalian isozymes and the crystal structure of 
CA-II has been resolved (2).
Carbonic anhydrases from higher plants are not well- 
characterized, and are quite different from mammalian CAs. 
CA from dicotyledonous plants is thought to be a hexamer of 
six identical subunits, each of which binds one zinc atom
(14,1). Estimates of molecular weight have ranged from 26,000 
to 34,000 per subunit, depending on the species from which the 
enzyme was isolated and the method of isolation. CA from 
monocotyledonous plants has a molecular weight of 45,000 (14) . 
The subunit composition as well as the number of zinc atoms 
per subunit in CA from these plants is not clear. Although 
there is evidence that cytoplasmic isozymes of CA are present 
in leaves of some plants, the majority of leaf CA activity in
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plants is localized in the chloroplast stroma. Amino acid 
compositions for CAs from several C3 plants have been reported
(14,1). Except for one cyanogen bromide fragment from spinach 
CA (13), no sequence information is available for any plant 
CA.
We selected a cDNA from a X gtll library with antibodies 
raised against spinach CA. We report here the sequence of 
this cDNA and present several lines of evidence that it 
represents the full-length sequence of spinach chloroplast CA.
MATERIALS AND METHODS 
Plaoue Screening
A total of 6 X 104 plaques from the X gtll library 
derived from mRNA of spinach leaf fSpinacea oleracea L., cv. 
American Hybrid 424) described in (66) were probed with 
polyclonal antibodies raised against spinach chloroplast CA. 
Five positive plaques, each containing an insert of 
approximately 1100 basepairs, were obtained. The insert from 
one of these clones was chosen for sequence analysis. 
Subcloning and Seouencing
Phage DNA was isolated by the plate lysate method (67). 
The cDNA was removed from X gtll by digestion with EcoRI and
30
subcloned into the EcoRI site of plasmid pKSM13+ ("Bluescript 
KS", Stratagene). For the various subcloning steps, DNA was 
digested with appropriate enzymes and the fragments subjected 
to electrophoresis in low-melting agarose gels. The desired 
fragments from the cDNA were excised and ligated in the gel 
(68) with either pSP65 (Promega) or pKSM13+ digested with 
restriction enzymes to yield appropriate cohesive or blunt 
ends. EL. coli DH5a was transformed with the ligation 
mixture. Minipreparations of plasmid DNA (67) were screened 
with appropriate enzymes by restriction analysis. The cDNA 
was sequenced in both directions using the subcloned fragments 
(Figure 1).
Double-stranded DNA was sequenced by the dideoxy chain 
termination method (69) using Sequenase (United States 
Biochemicals) and 35S-dATP (Dupont-NEN). Reactions were 
carried out according to the manufacturer's instructions with 
a slight modification. After the termination reaction was 
complete, 1 ul of a mixture of dATP, dCTP, dGTP and dTTP, each 
at 1 mM, was added along with 10 Units of terminal 
deoxynucleotidyl transferase (Bethesda Research Laboratories) , 
and the reaction incubated further for 20 minutes at 37°C 
(70) . The reaction was then stopped by adding 4 ul of 
Sequenase stop solution. Electrophoresis was carried out at
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70 watts constant power, in 89 wM Tris-borate, 2 mM EDTA, pH 
8.3. Gels were fixed, dried and subjected to autoradiography. 
Sequence data were analyzed using UWGCG programs (71). 
Expression of Carbonic Anhvdrase in E. coli
Plasmid pKSM13* containing the full-length spinach CA 
insert was linearized by digestion with Hpal. The plasmid 
was ligated to a phosphorylated Ncol linker (10-mer) , digested 
with Ncol and recircularized. The resulting plasmid was 
digested with Ncol and Pstl and the insert was cloned into a 
derivative of plasmid pKK233-2 (Pharmacia LKB Biotechnology, 
Inc.) digested with the same enzymes, yielding a plasmid which 
encodes a CA lacking the 34 N-terminal amino acids. The 
presence of the insert was confirmed by digestion of putative 
recombinants with the cloning enzymes.
Expression of CA was confirmed by western blotting using
• • • • , 1?5antibodies raised against spinach CA and I-labeled protein 
A (76) . Cultures of E^ . coli transformed with one of the 
recombinants, pKSPCA.l, were utilized for measurement of 
carbonic anhydrase activity.
For measurement of CA activity, overnight cultures of 
DH5a containing either pKSPCA.l or a control plasmid lacking 
the insert were diluted into fresh LB broth and grown to mid- 
to late-log phase. Cells were pelleted and resuspended in a
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lysis buffer containing 50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 
10 mM beta-mercaptoethanol, 1 mM ZnCl2, and 20% glycerol.
Cells were lysed by sonication, subjected to centrifugation 
to remove unlysed cells and membranes, and the supernatant was 
fractionated with (NH4)2S04. The 35%-55% pellet was
resuspended in lysis buffer and dialyzed against the same 
buffer overnight. Total protein was quantitated using 
Coomassie protein assay reagent (Pierce Chemical Company).
Assay conditions
E. coli extracts prepared as described above were added to 
4 ml of 10 mM HEPES-K0H> pH 8.0, equilibrated to 4°C. The 
addition of 1.5 ml of ice cold water saturated with C02 
started the reaction, and the time required for a change in 
pH from 8.0 to approximately 6.2 was recorded. Total protein 
of E_j_ coli extracts expressing CA or control extracts was 
adjusted to the same concentration prior to assaying activity. 
All assays were performed in triplicate and the average values 
were used to calculate CA activity by the formula: Activity 
Units =10[ (T0-T)-l)/mg protein], where T0 is the time for the 
uncatalyzed reaction and T is the time for the catalyzed 
reaction (72). Inhibition studies were performed by 
incubating E^ _ coli extracts from cells expressing pKSPCA.l 
with 1 mM acetazolamide for 15 minutes on ice prior to
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assaying activity. The IL. coli extract was then added to 4 
ml of 10 mM HEPES-KOH, pH 8.0, containing l mM acetazolamide 
at 3°C. Finally, 1.5 ml of C02 saturated water was added to 
start the reaction, with the final acetazolamide concentration 
being 0.7 mM.
Purification of Spinach CA and Immunological Studies
CA activity was assayed qualitatively during its 
purification by a modification of the colorimetric method 
(73). Briefly, 10 ul-50 ul of sample was added to 500 ul 
buffer containing 20 mM 4-(2-hydroxyethyl)-1-piperazinepr- 
opanesulfonic acid (EPPS), pH 8.3, and bromthymol blue on ice. 
Fractions which contained CA activity changed from blue to 
yellow upon addition of 300 ul C02 saturated water. Boiled 
samples, or samples lacking CA were used as negative controls. 
Antigen was prepared by purifying spinach CA by a modification 
of method of Poker and Ng (74). First, market spinach was 
homogenized on ice in Buffer A (0.02 M sodium phosphate, 0.1 
M NaCl and 0.001 M EDTA, pH 6.8). The suspension was filtered 
through four layers of miracloth (Calbiochem Corporation) , and 
brought to 30% saturation with (NH4)2S04, and stirred on ice 
for 1 hour. Following centrifugation the supernatant was 
retained and brought to 55% (NH4)2S04. The resulting pellet was 
resuspended and dialyzed against Buffer A. The dialysate was
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loaded onto a 40% sucrose cushion in Buffer A and centrifuged 
at 60,000 rpm for 3 hours at 4°C in order to remove most of 
the ribulose-l,5-bisphosphate carboxylase in the preperation. 
The supernatant was removed and reprecipitated with 55% 
(NH4)2S04. The pellet was resuspended in Buffer A, dialyzed 
against the same buffer and loaded onto a DE-52 column (Wha­
tman) at 4°C. Active fractions were pooled and concentrated by 
55% (NH4)2S04 precipitation. After dialysis against Buffer A 
the pooled, active fractions were loaded onto a Sephacryl S- 
200 column (Pharmacia LKB Biotechnology, Inc.) at 4°C. Active 
fractions were again pooled and concentrated by 55% (NH4)2S04 
precipitation. Finally, after resuspension and dialysis 
against Buffer A, the sample was subjected to SDS PAGE on a 
10%—15% acrylamide gel. The CA was visualized by staining with 
Coommassie brilliant blue R, excised and eluted 
electrophoretically prior to injection into New Zealand white 
rabbits according to (75).
RESULTS AND DISCUSSION
We have cloned and sequenced a spinach cDNA which encodes 
carbonic anhydrase (Figure 2) . The 1156 base pair cDNA 
includes an open reading frame of 957 base pairs which encodes 
a protein containing 319 amino acids with a molecular weight
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of 34,569. The open reading frame is flanked by 26 
nucleotides upstream of the start codon, as well as a 173 base 
pair non-translated 3' region. The 3' non-translated region 
contains three possible polyadenylation signals located at 
positions 988, 1087 and 1095 which approximate the consensus 
sequence AAUAAA (77). These putative polyadenylation signals 
are 125, 26 and 18 base pairs, respectively, upstream of the 
first deoxyadenosine residue of the poly(dA) tail. The 5' 
non-translated sequence of the cDNA contains 15 adjacent 
deoxythymidine residues 1 ted at positions -25 to -11 with 
respect to the start codon which starts at nucleotide +1. 
Poly(dT) domains have been observed in other plant genes 
(78,79).
Until now, little information on the primary structure 
of higher plant CA has been available. The amino acid 
composition of CA from several plants is known (14). The 
deduced amino acid composition of the mature polypeptide 
encoded by our cDNA agrees well with the amino acid 
composition reported for spinach CA (12). The only published 
sequence for a higher plant CA is that obtained from a 
cyanogen bromide fragment of spinach CA (13). A region from 
amino acid 100 through 118 in the deduced sequence of our cDNA 
matches amino acids 2 through 20 in the cyanogen bromide
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fragment. Interestingly, this sequence is not preceded by a 
methionine, suggesting that it represents the N-terminal 
region of mature CA. In fact, the N-terminal amino acid 
sequence of CA isolated from spinach is identical to the 
sequence obtained from the cyanogen bromide fragment {C.R. 
Somerville, personal communication). A mature spinach CA with 
the N-terminus at amino acid 100 would have a predicted 
molecular weight of 24,133. However, it appears that CA is 
proteolyzed during purification since newly imported CA has 
an apparent molecular weight close to 30,000 (See Chapter 2). 
Furthermore, western blotting of homogenates from spinach 
leaves reveals a smear of cross-reacting polypeptides ranging 
from about 30,000 to 24,000 daltons (data not shown). 
Finally, it is unlikely that the 9 acidic residues between 
amino acids 60 and 100 would be contained in a transit peptide 
(45? Figure 2). We suggest that the transit sequence includes 
approximately the first 60 amino acids of the polypeptide. In 
order to demonstrate further that our spinach cDNA contains 
an authentic coding sequence for CA, we expressed the cDNA 
in E_i_ coli. Western blot analysis revealed the presence of 
CA in cells transformed with pKSPCA.l, but not in cells 
transformed with control plasmid alone (Figure 3) . Cells 
transformed with control plasmids contained no measurable CA
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activity, while cells transformed with plasmids encoding CA 
had low, but easily detectable, activity. Furthermore, about 
80% of this activity was inhibited by acetazolamide at a final 
concentration of 0.7 mM (Table 1). This level of inhibition 
is consistent with published reports that the I50 for spinach 
chloroplast CA is 2 X 10‘5 M acetazolamide (1) . These results 
provide compelling evidence that our cDNA encodes the spinach 
chloroplast carbonic anhydrase.
The amino acid sequence of the spinach chloroplast CA 
(Figure 2) shows little homology with sequences of the 
mammalian isozymes I, II and III. Even sequence motifs at 
the active site which are conserved in the mammalian isozymes
(13) are absent in chloroplast CA. Thus, the differences 
observed in the number of polypeptides that make up the 
holoenzymes of the dicotyledonous plant and animal CAs extend 
down to the level of amino acid sequence. It appears that 
plant and animal carbonic anhydrases represent convergent 
evolution of different proteins to catalyze the reversible 
hydration of carbon dioxide.
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Figure l. Restriction map and sequencing strategy for the 
spinach carbonic anhydrase cDNA. The open bar indicates the 
protein coding region. The overlapping arrows represent the 
direction and the extent of sequence determined using each 
individual subcloned fragment. The scale at the bottom of 
the figure is in nucleotide basepairs. He, HincII: Hd,
Hindlll; Hp, Hpal; N, Nsil; R, Rsal; S, Sphl.
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Figure 2. The nucleotide and predicted amino acid sequence 
of the cDNA for spinach carbonic anhydrase. Nucleotides are 
numbered at left in the 5' to 3' direction beginning with 26 
non-translated basepairs. The initiator codon ATG is at 
position +1 and nucleotides 5 1 to +1 are designated by 
negative numbers. The initiator codon ATG and the terminator 
codon TGA are underlined. Numbers at right designate amino 
acid number.
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Figure 3. Western blot analysis of Bt. ooli extracts 
containing spinach carbonic anhydrase. E_j_ coli extracts were 
prepared and electrophoretically transferred to nitrocellulose 
and probed as described in Materials and Methods. 25 ug of 
protein was loaded in each lane. Lanes 1,3: extracts prepared 
from control cells not expressing CA. Lanes 2,4: extracts from 
cells expressing CA activity. Lanes 1,2: Commassie stained 
E. coli extracts. Lanes 3,4: autoradiograph of probed 
nitrocellulose Arrow indicates the position of CA. Lane M: 
Molecular weight markers; chicken lysozyme, Mr=14,400; soybean 
trypsin inhibitor, Mr=21,500; bovine carbonic anhydrase, 
Mr=29,000; chicken egg white ovalbumin, Mr=42,699.
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TABLE 1
Measurements of spinach carbonic anhydrase 
activity with and without acetazolamide, in 
E . coli extracts
CA activity in lysates of E. coli was 
measured as described under "Materials and 
Methods".
E. coli CA activity
expressing
units/mg E. coli protein
Control plasmid 0
pKSPCA.l 650
pKSPCA.l + 0.7 mM acetazolamide 117
Chapter 2
Transport, Processing and Assembly of 
Chloroplast Carbonic Anhydrase.
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In higher plants the majority of carbonic anhydrase 
(carbonate dehydratase; EC 4.2.1.1.) activity is in 
photosynthetic tissue, and it is usually absent from roots
(14) . Carbonic anhydrase (CA) is highly soluble and located 
in the chloroplast stroma where it is presumed to play a role 
in C02 availability for photosynthesis (1,14). The molecular 
weight of the holoenzyme from C3 dicotyledonous plants is 
reported to be approximately 180,000 to 212,000, depending on 
the source and method of determination (1,14). Six identi­
cal polypeptides, each with a molecular weight of 
approximately 30,000, assemble to form the catalytically 
active enzyme which contains one zinc atom per subunit (1,14) . 
The precursor to spinach CA (pCA) has a molecular weight of 
34,569 as deduced from the cDNA sequence (80). In this report 
we show that both spinach and pea CA are synthesized in vitro 
as high molecular weight precursors. Furthermore incubation 
of the pCA synthesized in vitro with purified intact pea 
chloroplasts yields mature CA in the chloroplast stroma with 
a molecular weight of approximately 30,000. We previously 
subcloned a portion of the cDNA in an expression vector and 
showed that extracts from E-_ coli transformed with this 
plasmid contained CA activity. Here we show that EL. coli 
transformed with vectors expressing proteins with N-terminal
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deletions up to 78 amino acids in length also contain CA 
activity. Furthermore, using antibodies raised against CA we 
show that the CA assembles into oligomeric protein. 
Antibodies raised against spinach CA cross-react with a 
polypeptide from pea chloroplasts and an unidentified 
Chlamvdomonas reinhardtii protein. Using immunological 
techniques we show that spinach CA is highly susceptible to 
proteolysis, and that the proteolytic cleavage most likely is 
from the N-terminus.
MATERIALS AND METHODS
Transcription and Translation of pSPCA.1
A full length cDNA clone for spinach CA was described in
(80). 5 ug of pSP7 3 (Promega Biotech Corp.) containing the 
cDNA cloned into the EcoRl site (pSPCA) was linearized with 
Xbal and used as a template for in vitro transcription from 
the SP6 promotor. Poly A RNA was isolated by the method of
(81) from two week old pea plants (Little Marvel). The pSPCA 
or poly A RNA was translated in a cell-free rabbit reticulo­
cyte (Boehringer Mannheim Biochemicals) or wheat germ (82) 
translation system in the presence of 35S-methionine. 
Expression of Carbonic Anhydrase in E^ coli
The construction of pKSPCA.l is described in (80).
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Plasmid pKSPCA-78 was constructed by utilizing a Hindlll site 
in the CA cDNA. First, pSP73 (Promega Biotech) containing the 
full length cDNA for spinach CA in the EcoRI site of the 
polylinker was digested with Hindlll. A derivative of plasmid 
pKK233-2 (Pharmacia LKB Biotechnology, Inc) was digested with 
Hindlll and the 5' phosphates removed with calf intestinal 
phosphatase. DNA samples were subjected to electrophoresis on 
low melting agarose and the appropriate fragments were ligated 
in the gel (68). The presence of the insert was confirmed by 
digestion with the original cloning enzymes. The resulting 
CA expression vector containing the Hindlll fragment in the 
proper orientation was transformed into E^ _ coli DH5a. Two 
additional truncations were constructed by linearizing plasmid 
pKSM13+ containing the full length spinach CA insert with Hpal 
and then digesting with nuclease Bal 31. The plasmid DNA was 
ligated to phosphorylated Ncol linkers (12-mer) , digested with 
Ncol and PstI . and the inserts cloned into a derivative of 
PKK233-2 digested with the same restriction enzymes. The 
presence of inserts was confirmed by digestion of putative 
recombinants with the cloning enzymes. Two recombinants 
selected for further studies expressed CA intermediate in size 
between those of pKSPCA.l and pKSPCA-78. Expression of CA was 
confirmed by western blotting using antibodies raised against
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spinach CA and 125I-labeled protein A (76).
Sequencing of Inserts from CA truncations
Confirmation of the start site of pKSPCA.l, pKSPCA-78 
and the two Bal 31 truncated CAs was performed by sequencing 
with a derivative of pKSM13+ (Bluescript KS, Stratagene). 
Plasmid pKSM13+ was linearized by digestion with HincII and 
the 5* phosphates removed. The plasmid was ligated to a 
phosphorylated Ncol linker and recircularized. The resulting 
plasmid pKSM-N contained an Ncol site in place of the HincII 
site. Plasmids expressing the truncated forms of CA were 
digested with appropriate enzymes and the inserts ligated in 
the gel with pKSM-N digested with the same enzymes (68) . 
Presence of inserts was confirmed, and plasmid DNA was 
purified as described previously (80). All sequencing 
reactions were performed as in (80) by the dideoxy chain 
termination method (69) using Sequenase (United Stated 
Biochemicals) and [35S] dATP (Du Pont-New England Nuclear. A 
protocol for sequencing double stranded templates is given in 
the appendix.
Growth of Pea Plants, Isolation of Intact Chloroplasts and 
Transport of Precursors
Seeds of Pisum sativum cv. Little Marvel (Park Seed Co.)
50
were surface sterilized by immersion in 5% (v/v) household 
bleach for 5 minutes, rinsed extensively with water, imbibed 
for 8 hours under running water, and then planted in wet 
vermiculite. Seedlings were grown in the light for 10-14 days 
prior to chloroplast isolation. Spinach was purchased at a 
local market.
Intact pea or spinach chloroplasts were isolated and 
used for transport as in (82), except that translation 
mixtures were dialyzed against 50 mM Hepes-KOH, 100 mM K- 
Acetate, 2.1 mM MgCl2 for 1 hour at 4° C prior to transport 
into chloroplasts.
Quantitation of Transport
For quantitation of transport, pieces of fluorographed 
gel corresponding to spinach pCA and CA were excised from an 
SDS PAGE gel and solubilized in 0.5 ml of 30% hydrogen 
peroxide (v/v) at 95° C for 5 hours After addition of 4.5 mis 
of Ecolume (ICN Biomedicals Inc.) the amount of radioactivity 
in each sample was assayed by scintillation counting. The 
level of transport of CA was expressed as the percentage of 
total counts in pCA in the translation mix converted to CA in 
chloroplasts after correction for methionine residues removed 
during processing of pCA to CA.
Polyacrylamide Gel Electrophoresis
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Analysis of polypeptides by SDS-PAGE on 10%-15% 
acrylamide gels was performed as described in (83). Gels were 
fluorographed according to the method of (84). Native-PAGE 
was performed at 4°C using 5%, 6%, 7% and 8% acrylamide gels 
containing 12% glycerol, 375 mM Tris-HCl pH 8.8, 0.028% TEMED 
and 0.028% ammonium persulfate. Native-PAGE gels were prerun 
for 1 hour with running buffer (25 mM Tris, 192 mM glycine and 
1 mM thioglycolic acid). Fresh buffer minus thioglycolic acid 
was added and samples containing 50% glycerol and bromphenol 
blue were loaded and subjected to electrophoresis at 4 watts 
until the dye front was 5 cm from the bottom of the gel. 
Molecular weights of the truncated CAs were calculated from 
Ferguson plots. Molecular weight standards were bovine milk 
lactalbumin, M.W. 14,200; bovine carbonic anhydrase, M.W. 
29,000; chicken egg albumin, M.W. 45,000; bovine serum 
albumin, M.W. 66,000 (monomer), 132,000 (dimer) and jack bean 
urease, M.W. 272,000 (trimer), 545,000 (hexamer), (Sigma
Chemical Corporation).
Western Blot Analvsis/Immunoprecipitations
Spinach CA was prepared by the method described in (80) . 
The CA was visualized by staining with Coomassie brilliant 
blue R, excised and eluted electrophoretically. New Zealand 
white rabbits were injected with the antigen according to
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(75).
For western blot analysis, protein was transferred 
electrophoretically to nitrocellulose (Schleicher & Schuell) 
at 40 volts for 3 hours in a liquid transfer apparatus. 
Western blotting was carried out according to the method of
(76) . Antigen-antibody complexes were visualized by either
125 * » «I protem-A or alkaline phosphatase conjugated to anti­
rabbit antibodies (Promega Biotech) . Protein-A (Sigma Chemical 
Corporation) was iodonated using 125I (Dupont-New England 
Nuclear) and Iodobeads (Pierce Chemical Corporation).
Spinach chloroplast extracts were incubated with either 
antibodies raised against CA or preimmune serum and protein- 
A agarose (in 50 mM Tris-HCl, pH 7.4, 150 mM NaCl) for 90
minutes at room temperature. After pelleting at 15,000 x g 
for 2 minutes the supernatant was transferred to a new tube 
and 75 ul of the resulting supernatant was assayed for CA 
activity using the method of (80). CA activity was measured 
in Ej. coli by the same method. Immunoprecipitations of 
translation mixtures or stromal extracts after import were 
performed according to (85) using protein-A sepharose, except 
that the final elution was carried out by resuspending the 
final pellet in 100 mM DTT, 2% SDS (v/v) and boiling for 2 
minutes.
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Preparation of Extracts
Spinach and wheat extracts were prepared as in (80). 
Leaves, steins and roots of pea plants were harvested 
separately and homogenized in ice cold buffer A (80) with or 
without the protease inhibitors L-trans-epoxysuccinyl- 
1e u c y 1 a m i d o (4- g u a n i d i n o )b u t a n e  (0.5 m g / m l) ,
phenylmethylsulfonyl fluoride (1 mM), benzamidine and 
e-amino-n-caproic acid (5 mM) using a polytron homogenizer 
(Brinkmann Instruments). Extracts were filtered through 4 
layers of Miracloth (Calbiochem Corp.), and the insoluble 
material pelleted at 5,000 x g. Extracts from Chlamvdomonas 
reinhardtii. 137 mt+ were prepared according to the method of 
(88) and were the gift of J.V. Moroney. Extracts from E. 
coli were prepared by the method described in (80).
RESULTS AND DISCUSSION
Tissue Specificity of CA and Cross-Reactivity of Spinach Anti- 
CA with Other Putative CAs
Polyclonal antibodies raised against spinach chloroplast 
CA immumoprecipitate CA activity from spinach chloroplast 
extracts (Figure 4) . Western blot analysis of spinach extracts 
demonstrates that these antibodies are specific for 
polypeptides of approximately 26,000 to 29,000 daltons
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(Figure 5).
Atkins (11) reported that roots lack CA activity. Western 
blot analysis of root extracts shows that CA antigen is absent 
from this organ, but is present in green stems and leaves 
(Figure 5, compare lanes 4, 5 and 6). Miyachi's group (86) 
concluded that algal, monocotyledonous and dicotyledonous CAs 
are immunologically distinct since they found no evidence of 
cross-reactivity based on Ouchterlony double diffusion 
analysis. With the more sensitive western blot analysis, we 
detected a weakly cross-reactive polypeptide in wheat leaf 
extracts (Figure 5, lane 2). Whether this polypeptide is 
actually a subunit of wheat CA or is artifactual cross­
reacting material remains to be seen. We also detected a 
cross-reacting polypeptide in extracts from Ch1amvdomonas 
reinhardtii extracts (Figure 2, lane 1). This polypeptide of 
approximately 29,000 daltons does not correspond to the well 
characterized external CA which has a molecular weight of
35,000 (9).
Transport of CA into Chloroplasts
Both pea and spinach CA are synthesized as precursors. 
Indirect immunoprecipitation of translation products from pea 
poly A RNA with antibodies raised against spinach CA yielded 
a 36,000 dalton polypeptide (Figure 6a, lane 2). When total
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translation products were incubated with intact pea 
chloroplasts the resulting stromal extracts contained an 35S 
labelled polypeptide of 30,000 daltons which was 
immunoprecipitated with the same antibodies (Figure 6a, lane 
4) . In vitro transcription/translation of the spinach cDNA 
encoding pCA (pSPCAl) yielded a protein with an apparent 
molecular weight of approximately 34,500. Incubation of the 
35S translation product (pCA) with spinach chloroplasts 
resulted in transport and processing of spinach pCA to mature 
CA. The molecular weight of mature spinach CA based on SDS- 
PAGE is approximately 30,000 daltons. (Figure 6b, Compare 
lanes 1 and 2) . An average of 14% of the pCA (translated 
from pSPCAl) was transported into spinach chloroplasts. This 
value is surprisingly low and is most likely a consequence of 
our use of market spinach leaves for preparation of 
chloroplasts.
Sensitivity of CA to Proteolysis
The reported molecular weight of CA has ranged from
24,000 to 30,000 daltons (1,87). Here we show that newly 
imported CA subunits have an apparent mass of 30,000 daltons 
(Figure 6A and 6B). Pocker and Ng (89) reported that the CA 
monomer is 30,000 daltons and that the N-terminus is blocked. 
However, N-terminal sequence analysis of CA (87; C.R.
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Somerville, personal communication) indicates that the N- 
terminus is in a region which is internal in the 30,000 dalton 
protein. Western blotting analysis of stromal polypeptides 
from isolated intact spinach chloroplasts or of whole leaf 
extracts reveals a range of polypeptides cross-reacting with 
anti-CA ranging from approximately 27,500 to 26,000 daltons 
(Figure 7) . Addition of a range of protease inhibitors to 
extraction buffers failed to allow visualization of the 30,000 
dalton polypeptide. It appears that the N-terminus of CA is 
proteolytically removed by either endogenous chloroplast 
protease(s) or by other proteases during isolation. Our 
ability to recover newly imported CA as a 30,000 dalton 
species suggests that the former is more likely and that 
proteolysis is slow.
Synthesis and Assembly of Spinach CA in L  coli
Four truncations of pCA and CA have been expressed in E. 
coli. One of them encoded by pKSPCA.l was shown previously to 
have enzymatic activity (80). The polypeptides encoded by the 
3 new constructs pKSPCA-39, pKSPCA-43 and pKSPCA-78 lack 39, 
43 and 78 N-terminal amino acids, respectively. Lysates from 
ELs. coli expressing all of these truncations contained 
measurable CA activity (Table 2).
Based on comparison with other chloroplast precursors
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(45), pCA likely is processed at or near amino acid 60 (80). 
Thus, 3 truncations contain part of the transit sequence, 
while the fourth lacks the N-terminus of the newly-imported 
mature protein. Western blotting revealed that more CA protein 
was present in extracts from cells transformed with pKSPCA.l 
and pKSPCA-78 than in extracts from cells transformed with 
pKSPCA-39 and pKSPCA-43 (Figure 8) . Since the EU. coli 
containing all the plasmids were treated similarly, and since 
all truncations were expressed from the same promotor, it is 
likely that the differences in yield reflect differences in 
protein stability. Each extract contains CA of a faster 
mobility than the predicted mobility of the gene product 
suggesting that E.-. coli proteases also degrade this 
polypeptide. Assembled and enzymatically active CA was 
obtained from extracts of cells transformed with each of the 
plasmids (Figure 9, Table 2). The CA truncations lacking 34, 
39 and 43 amino acids expressed in E*. coli assembled into the 
hexameric form of the holoenzyme based on Ferguson plot 
analysis (Figure 10). Because the migration of the truncated 
CA encoded by pKSPCA-78 migrates similarly to the other 
truncated proteins in 7% native PAGE we believe that it also 
assembles into the hexameric form of the enzyme. Thus, the 
N-terminus of the 30,000 dalton CA is not required for
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assembly or enzymatic activity. It remains to be seen whether 
it is required for efficient transport into chloroplasts.
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Figure 4. Immunoprecipitation of carbonic anhydrase activity 
from spinach extracts. Open circles indicate incubation with 
rabbit antibodies raised against spinach CA. Closed triangles 
indicate incubation with pre-immune serum. Points on the 
ordinante represent Units of carbonic anhydrase activity and 
are defined as 10[{TQ-T)-1/mg protein. Points on the abscissa
represent serum volume. IgG concentration = 20 mg protein/ml,
spinach extract = 6 mg protein/ml.
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Figure 5. western blot analysis of higher plant and 
chlamydomonas reinhardtii extracts. Plant extracts were 
prepared and electrophoretically transferred to nitrocellulose 
and probed as described in "Materials and Methods". 30 ug of 
protein was loaded in each lane. Lane 1: Total extract from 
Chlamvdomonas reinhardtii. Lane 2: Leaf extract from wheat. 
Lane 3: Leaf extract from Spinach. Lane 4: Pea root extract. 
Lane 5: Pea stem extract. Lane 6: Pea leaf extract. Molecular 
weight markers; bovine carbonic anhydrase, Mr= 29,000; chicken 
egg white ovalbumin, Mr = 42,700? Bovine serum albumin, Mr = 
66,200; phosphorylase b, Mr = 97,400.
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Figure 6. A, Immunoprecipitation of in vitro translation 
products before and after transport into pea chloroplasts. B, 
Import and processing of in vitro transcribed and translated 
pSPCAl. A, Pea translation products primed with 35S methionine 
were immumoprecipitated directly or after import into purified 
intact pea chloroplasts according to "Materials and Methods". 
Lane 1: 35S labeled in vitro translation products of pea poly 
A RNA. Lane 2: Immunoprecipitation of CA from the translation 
products seen in Lane 1. Lane 3: Total stroma following
import of radiolabeled translation products. Lane 4: 
Immunoprecipitation of stromal proteins from Lane 3. B, The 
products of in vitro transcription and translation of plasmid 
pSPCAl before and after import into purified intact spinach 
chloroplasts. Lane 1: Translation of pSPCAl radiolabeled with 
35S methionine. Lane 2: stromal fraction after incubation with 
translation products shown in Lane 1. Closed arrows indicate 
the position of precursor carbonic anhydrase, open arrows 
indicate the position of processed carbonic anhydrase. 
Molecular weight markers; chicken lysozyme, Mr=14,400; soybean 
trypsin inhibitor, Mr=21,500; bovine carbonic anhydrase, 
Mr=29,000; chicken egg white ovalbumin, Mr=42,700; bovine serum 
albumin, Mr=66,200.
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Figure 7. Western blot analysis of fresh or frozen spinach 
stroma. Spinach intact chloroplasts were isolated and lysed 
as described in (90) . Each lane contained 35 ug of stromal 
protein which was electrophoretically transferred to 
nitrocellulose and probed with an antibodies raised against 
spinach CA as described in "Materials and Methods". Lane 1. 
Spinach stroma isolated in the absence of protease inhibitors. 
Lane 2. Spinach stroma isolated in the presence of protease 
inhibitors. Lane 3. Spinach stroma isolated in the absence 
of protease inhibitors and stored at -20° for 7 days prior to 
electrophoresis. Molecular weight markers; chicken lysozyme, 
Mr = 14,400; soybean trypsin inhibitor, Mr = 21,500; bovine 
carbonic anhydrase, Mr = 29,000; chicken egg white ovalbumin, 
Mr = 42,700.
1 2 3 4 5
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Figure 8. Western blot analysis of truncated CA expressed in 
E. coli. Extracts were prepared from EL. coli which expressed 
CA as described in "Materials and Methods". 35 ug of EL_ coli 
protein were loaded in each lane. Lane 1. Control extract, 
from EL coli containing the expression plasmid lacking the 
cDNA for CA. Lane 2. Extract from EL. coli expressing plasmid 
pKSPCA.l. Lane 3. Extract from EL. coli expressing plasmid 
pKSPCA-39. Lane 4. Extract from EL. coli expressing plasmid 
pKSPCA-43. Lane 5. Extract from EL. coli expressing pKSPCA- 
78. Molecular weight markers; chicken lysozyme, Mr = 14,400; 
soybean trypsin inhibitor, Mr = 21,500; bovine carbonic
anhydrase, Mr = 29,000; chicken egg white ovalbumin, Mr = 
42,700.
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Figure 9. Western blot of assembled CA from |L coli extracts.
Extracts were prepared from EL. coli expressing CA as described 
in "Materials and Methods". 45 ug protein was loaded in each 
lane and subjected to electrophoresis on a 7% native 
acrylamide gel. Lane 1. Control extract, from EL. coli 
containing the expression plasmid lacking the cDNA for CA. 
Lane 2. Extract from EL. coli expressing plasmid pKSPCA.l.
Lane 3. Extract from EL. coli expressing plasmid pKSPCA-39.
Lane 4. Extract from EL coli expressing plasmid pKSPCA-43.
Lane 5. Extract from EL. coli expressing pKSPCA-78.
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Table 2
Measurements of carbonic anhydrase activity in 
E . coli expressing truncated versions of spinach 
carbonic anhydrase
CA activity in lysates of E. coli was measured
as described in "Materials and Methods".
E. coli CA activity
expressing
units/mg E. coli prote
Control plasmid 0
pKSPCA.1 229.0
pKSPCA-3 9 4.4
pKSPCA-4 3 *
pKSPCA-7 8 337.7
* Indicates low but measurable carbonic anhydrase 
Activity
1
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Figure 10. Assembly of Truncated CA Expressed in Eu. coli ■
Slopes were determined by plotting the molecular 
weight versus the log RF for the standard proteins. The 
standard proteins are indicated by the squares, and are 
from left to right, bovine milk lactalbumin, M. W.  14,200; 
bovine carbonic anhydrase, M. W.  29,000; chicken egg 
albumin, M. W.  45,000; bovine serum albumin, M. W.  66,000 
(monomer), 132,000 (dimer); jack bean urease, M. W.  272,000 
(trimer), 545,000 (hexamer). The triangle indicates the 
slopes and molecular weight of the truncated CAs encoded by 
plasmids pKSPCA-39 and.pSPCA-43, and the circle indicates 
the slope and molecular weight of the truncated CA encoded 
by plasmid pKSPCA.l
Conclusions and Future Prospects
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CA activity was found in both plant and animal tissues 
about 50 years ago. The animal CAs subsequently have been 
well-characterized. The primary sequence for CA-I, CA-II and 
CA—III from a number of organisms is known (2). The primary 
sequences of these 3 isozymes are highly conserved from 
species to species. For example, bovine and equine CA-III 
share 93% homology at the amino acid level. In addition all 
of the isozymes share regions of high sequence homology (2). 
The crystal structures of CA-I and CA-II have been resolved, 
and are highly similar. Residues at the active site have been 
identified, and differences in the catalytic activity of CA- 
I, CA-II and CA-III have been attributed to specific amino 
acid replacements at the active site (2).
In contrast, CA from plants has been studied less 
extensively. CAs from monocots and dicots are structurally 
distinct. Although the subunit sizes of CA from monocots and 
dicots are similar, the monocot enzyme is thought to be a 
dimer while the dicot enzyme is thought to be a hexamer, or 
possibly an octamer (1) . The amino acid composition of several 
plant CAs is known (1). However, before this study was begun 
the only sequence information available was that of a small 
CNBr fragment of the spinach CA (13).
In the first part of this work, a cDNA containing the
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full-length coding sequence for CA was sequenced. This is the 
first full length cDNA for CA isolated from any photosynthetic 
organism. The cDNA was 1,156 base pairs in length, and 
contained an open reading frame of 957 base pairs. Analysis 
of the deduced amino acid sequence of the gene product 
indicated that CA is synthesized as a larger precursor. 
Sequence comparisons revealed that the spinach chloroplast CA 
has no homology with any of the animal CAs sequenced to date.
Indirect immunoprecipitation of translation products 
confirmed that spinach CA (as well as pea CA) is synthesized 
as a high molecular weight precursor. Following import of 
the pea or spinach precursor into intact chloroplasts mature 
CA was shown to have a molecular weight of approximately 
30,000. The newly imported radiolabeled CA had a higher 
subunit molecular weight than CA isolated from leaves or 
intact chloroplasts. Most likely, the N-terminus of CA is 
degraded by proteases in the organelle.
To further demonstrate that the cDNA sequence encodes 
spinach CA, the coding sequence was cloned into an expression 
vector. Extracts from E^ . coli expressing CA contained CA 
activity whereas extracts from coli transformed with the 
vector alone contained no activity. When extracts from EU. coli 
expressing CA were subjected to electrophoresis on non­
72
denaturing gels CA migrated with an apparent molecular weight 
of approximately 200,000. Thus, CA expressed in jjLi. coli 
assembles into the hexameric catalytically active enzyme. 
Whether or not the assembly of CA in m. coli is autocatalytic 
was not determined.
During the past few years it has become clear that 
accessory proteins, called chaperones or chaperonins, are 
required for the assembly of some multimeric proteins 
(36,55,63,). Whether or not this class of proteins is required 
for the assembly of CA in vivo is not known. Future work with 
the cloned spinach CA may begin to answer this question. Using 
a system similar to that used in (59) it should be possible 
to determine if chaperones or chaperonins are required for the 
assembly of CA. The possible requirement for zinc in the 
assembly process could also be explored using this system.
The active site is well characterized for animal CA (2). 
Unfortunately, inspection of the deduced amino acid sequence 
for the spinach enzyme does not show any conserved regions 
with the animal CA. Because no homology exists it is not 
clear which residues or areas of the plant protein may be 
associated with the active site. In the animal protein three 
histidine residues are important for catalysis because they 
chelate the zinc atom at the active site. The spinach enzyme
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contains six histidine residues, all localized in the C- 
terminal half of the protein. Site- directed mutagenesis of 
these residues singly or in sets may help elucidate at least 
part of the active site.
Recently the cDNA for the pea chloroplast CA was cloned 
(W.J. Ogren; personal communication). The spinach and pea 
sequences likely will be similar. Analysis of more sequences 
for CA, as they become available, will be useful in tracing 
the lineage of the plant and algal CAs. Molecular 
evolutionists already have utilized the animal CA sequences 
to this end. In addition insights into the active site of 
plant CA may be gained by comparison of sequences from many 
species.
Genes encoding several chloroplast proteins have been 
shown to be regulated by light. For example both the Rubisco 
small subunit, and the light harvesting proteins (91,92) are 
regulated at the transcriptional level in the light. 
Therefore, genomic DNA could be isolated using the spinach 
cDNA as a probe and the upstream regions compared with those 
of the other light induced genes of plants.
Finally, to determine what function plant CAs have at 
the physiological level, transformation of plants with CA cDNA 
or genomic cDNA may prove useful. To date only crude
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experiments have been performed to determine a physiological 
function of CA. For example, CA inhibitors or zinc starvation 
have been used to inhibit the enzyme. Both of these approaches 
have drawbacks because of secondary effects on photosynthesis. 
If it were possible to inhibit CA without any other "side 
effects" or secondary effects a possible function for CA could 
be determined. The availability of the cDNA makes it possible 
to over- and under-express CA in a plant, such as Arabidoosis. 
which is easily transformed. Transformation of plants with the 
cDNA oriented in the forward direction would result in 
overexpression of CA. Conversely, overexpression in the 
reverse orientation should yield sufficient antisense RNA to 
specifically depress CA levels in leaves. Such an approach 
could allow us to determine the role of CA in chloroplasts.
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An Effective Method for Eliminating "Artifact 
Banding" When Sequencing Double-Stranded 
Templates
89
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One major limitation of dsDNA sequencing is the frequent 
occurrence of "artifact bands"; ie the presence of 
radioactive bands of equal intensity in all four lanes at the 
same position on a sequencing gel. "Artifact banding" is 
likely the result of secondary structure in the template DNA 
such that some, but not all, chain polymerization is 
prematurely arrested at a specific point on the template. In 
this case the true signal, resulting from the addition of a 
ddNTP, is obscured by the signal derived from arrested chain 
polymerization on adjacent lanes, although authentic banding 
patterns are resolved in the areas above and below the 
position of the artifact bands. This difficulty has been a 
major deterrent to unambiguous interpretation of sequence data 
obtained using dsDNA templates. DeBorde et al. (93) reported 
that terminal deoxynucleotidyl transferase (TdT) significantly 
reduces ambiguities when RNA templates are sequenced with 
reverse transcriptase. In this brief report we show that 
addition of TdT after termination reactions eliminates many 
of the artifact banding patterns associated with sequencing 
dsDNA.
Double-stranded template DNA was purified from 
minipreparations of plasmid DNA using the method of (94) and 
was sequenced according to the dideoxy chain termination
91
method of (69) using Seguenase (United States Biochemicals, 
Cleveland, OH) and 35S-dATP (Dupont-NEN, Boston, MA) . 3 ug
of plasmid dsDNA was denatured and subjected to labeling and 
termination reactions according to the manufacturer's 
instructions. After the dideoxy termination reaction was com­
plete, 1 ul of TdT/dNTP cocktail [made by combining 3.5 ul 
of a mixture of all four dNTP's, each at 1 mM in IX Sequenase 
Buffer, pH 7.4, with 0.5 ul (8.5 Units) of terminal deoxyn- 
ucleotidyl transferase (United States Biochemicals,Cleveland, 
OH) ] was added to individual A, G, C and T reaction tubes. 
Following an additional 30 minute incubation at 37°C, 
reactions were stopped by adding 4 ul of the Sequenase "Stop 
Solution". Samples were loaded onto wedge gels made with 6% 
acrylamide. Electrophoresis was performed at 70 watts 
constant power, in 89 mM Tris-borate, 2 mM EDTA, pH 8.3.
Typical autoradiograms obtained when sequencing reactions 
are carried out with or without the addition of TdT prior to 
stopping the reaction are shown in figure 11. Comparison of 
the autoradiograms in Panel A with those in Panel B shows that 
TdT eliminates virtually all "artifact banding". Since TdT 
is capable of elongating a DNA strand with a free 3' OH in a 
template independent manner (95), it is likely that the 
addition of TdT and excess dNTPs to the sequencing reaction
92
mixture results in elongation of any newly formed 
polynucleotide chain not terminated with a ddNTP. Thus the 
artifact bands disappear while the relative mobility of any 
polynucleotide chain terminated with a ddNTP is unaffected. 
Most protocols suggest that increasing the temperature during 
the labeling reaction helps eliminate "artifact banding". We 
have shown here that the simple addition of TdT and dNTPs to 
dideoxy reactions decreases "artifact banding" without the 
need to increase the reaction temperature. We have not 
investigated the efficacy of TdT in eliminating "artifact 
banding" which may occur when a single stranded template 
and/or any other polymerase then Sequenase is used for DNA 
sequencing. However, this technique should be applicable to 
enzymatic sequencing methods using a variety of templates and 
polymerases.
93
B
Figure 11
94
FIGURE 11. Double stranded sequencing in the presence and 
absence of terminal deoxynucleotidyl transferase and 
deoxynucleoside triphosphates. Panels A and B represent 
sequencing reaction products obtained from identical dsDNA 
templates. Double stranded sequencing templates were 
previously described in (80). Control templates in Panel A 
were sequenced according to the manufacturer's instructions. 
The reaction products in Panel B were further extended by the 
addition of TdT and dNTP's as described in the text. The left 
most set of lanes in each panel were electrophoresed for a 
shorter time then the lanes on the right side of each panel.
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